of phosphate-based chemical warfare agents 23 . When the nerve agent Soman, also known as GD, was tested as a substrate in a government facility, solid NU-1000 under 50% humidity was able to degrade the nerve agent 80 times faster than the most active MOF reported to date. The rate that we observed is comparable to the best heterogeneous degradation materials 24 .
In addition, it is possible to perform post-synthesis functionalization of NU-1000 to prepare new materials that can be used in different applications 25 . The connectivity of NU-1000 gives rise ( Fig. 1) to Zr nodes with hydroxyl-containing 20 (i.e., -OH or -OH 2 , described in more detail below) functional groups pointing into the large 1D mesoporous hexagonal channels of the framework. These free and exposed -OH groups are ideal grafting sites, and they can be easily tailored to serve a specific function. It has been demonstrated that by doing atomic layer deposition in MOFs (AIM) 16 , Zn and Al oxides can be formed with atomic precision at the exposed -OH sites of NU-1000. Very importantly, this process occurs without changing the overall structure of the framework. The increased Lewis acidity of the newly installed metal oxides gives rise to new catalytic activity, and because the AIM method can be generalized to deposit a multitude of different metals a wide range of reactivity can be explored by implementing AIM within NU-1000.
The same -OH groups, protruding from the Zr 6 nodes, can also react with organic molecules carrying a pendent carboxylic acid or phosphonic acid group. This method, which was recently termed solvent-assisted ligand incorporation (SALI) 10, 17, 18, 26 , has been used to enhance CO 2 adsorption within NU-1000, and to allow redox active motives anchored inside the framework to communicate electronically and to display the property of redox conductivity 27 . By using SALI, task-specific functionality can easily be incorporated into the robust NU-1000 framework.
Given the demonstrated potential of NU-1000 as an atomically defined heterogeneous platform for chemistry, it is desirable to develop a reliable and scalable synthetic procedure to prepare this particularly useful MOF. On the basis of the original synthetic procedure, with only subtle modifications, we demonstrate that both the organic linker and NU-1000 can be synthesized on multigram scales. Additional experimental procedures describing the AIM and SALI processes using standard functionalization reagents are also included to serve as a guide to post-synthesis functionalization of NU-1000.
Overview of the procedure
The preparation of the 4,4′,4″,4″′-(pyrene-1, 3,6,8-tetrayl)tetrabenzoic acid strut can be accomplished on a 50-g scale using a standard Suzuki-Miyaura reaction between 1,3,6,8-tetrabromopyrene and (4-(ethoxycarb onyl)phenyl)boronic acid. The ethyl ester is used to slow down the hydrolysis of the benzoic ester during the C-C bond-forming step. Without it, an insoluble mixture of mono, bis, tris and tetra benzoic acids is formed. Simple filtration provides the tetraester (1), which is hydrolyzed cleanly to the tetra-acid (2) under basic conditions in dioxane. After acidification of the mixture, the strut is isolated by filtration on a 50-g scale (Fig. 2) . The synthesis of NU-1000 from zirconyl chloride octahydrate, the tetra acid strut and benzoic acid as modulator in N,N-dimethylformamide (DMF) can be scaled so as to prepare 2.5 g in a single reaction vessel. After removal of the modulator by washing the framework with an HCl solution, NU-1000 is thermally activated to remove any extraneous solvent, and it is analyzed by gas sorption and powder X-ray diffraction (PXRD; Fig. 3 ). The material produced from the large-scale synthesis of NU-1000 possesses identical properties to the material formed from the previously reported 20 synthetic procedure, which was used to prepare only 35 mg of activated material.
In this protocol, we also provide procedures for performing AIM and SALI modification; these are scalable, allowing the production of up to 250 mg per batch of materials. 5| Plug the opening of the round-bottom flask with a glass plug, and purge the system with argon for an additional 5 min.
6| By using the heating mantle, heat the reaction to 90 °C for 48 h to 72 h. (The reaction is a suspension throughout the reaction, but the color of the suspended solid should become more and more yellow as the reaction proceeds. Color of the solution turns black in the end of the reaction.)  crItIcal step Let the reaction run for not less than 48 h; incomplete reaction will lead to impurities that are hard to separate. There is no significant harm in running the reaction longer. Thin-layer chromatography can be used to track the reaction after 48 h. The color may not turn black if the system is kept in good inert condition.
7| Add 2 liters of water to the reaction mixture, and let the reaction mixture cool down.
8|
Filter the reaction mixture with a 2-liter glass Büchner funnel with a medium frit, collect the yellow solid on the frit and wash it with 1 liter of water twice, and then with 2 liters of acetone (Fig. 4b ).
9| Use 3 liters of boiling chloroform (6 × 500 ml) to flow through the glass frit to dissolve the desired product on top of the filter. ! cautIon Chloroform vapor is toxic and carcinogenic. Please conduct this step in a fume hood.
10| Reduce the volume of the collected chloroform solution containing the desired product to 1.5 liters by blowing nitrogen through it at room temperature.  pause poInt The chloroform solution can be blown fully dry, and the resulting solid can be kept in a capped round-bottom flask at room temperature in the dark for several weeks. To continue, just dissolve all of the solid in 2 liters of chloroform and precipitate it with methanol.
11| Add 3 liters of methanol into the solution; a light-yellow solid precipitate is formed as the methanol is added.
12|
Allow the solution to sit for 30 min, and then collect the pale yellow solid with a 2-liter glass Büchner funnel with medium filter.
13|
Further dry the product in a vacuum oven set at 70 °C for 12 h, to yield 45.3 g of product (1). The product was analyzed by 1 H-NMR spectroscopy by dissolving 1 in Chloroform-d.
? trouBlesHootInG  pause poInt The resulting solid can be kept in a capped round-bottom flask at room temperature in the dark for several weeks. 22| Use vacuum filtration to filter the yellow precipitate from the solution. A small amount of yellow solid may pass through the filter paper in the beginning, so re-filtration of the first filtrate may be necessary (Fig. 4e) .  crItIcal step It is important not to let the solid fully dry before all of the liquid has been filtered. A crack in the collected solid cake on the funnel will again allow solid to pass through the filter paper, and re-filtration may be required again.  pause poInt The crude product can be left on the funnel overnight (loosely covered by aluminum foil).
23|
When the solid has dried, transfer all of it into a 4-liter Erlenmeyer flask and use 1 liter of water and sonicate it for 1 h to fully suspend the entire solid.  crItIcal step This washing step removes salt that remains in the product. Be sure to suspend the solid thoroughly to ensure that the salt generated in the neutralization step can be removed.
24|
Filter and wash the product with more water (1 liter). Leave the solid on top of the vacuum filtration setup for 4 h.  pause poInt The water-washed product can be stored under ambient conditions for months without loss of purity.
25| Dissolve all of the collected solid in boiling DMF (1 liter), and filter it while it is hot. ! cautIon Boiling DMF is ~140 °C. Wear heat-insulating gloves and do this in a fume hood.
26|
Cool down the collected solution to room temperature and add 3 liters of dichloromethane while stirring.
27|
Collect the yellow precipitate using vacuum filtration, and wash the solid with dichloromethane (1 liter).
28|
Further dry the product in a vacuum oven set at 120 °C for 36 h; the yield for the reaction should be ~36 g of product.
? trouBlesHootInG 29| Grind the solid to aid the suspension of the linker during MOF synthesis (Fig. 4f) .  pause poInt The purified organic linkers can be stored in the dark in a seal vial at room temperature for months.
preparation of nu-1000 (3) 30| There are three options, depending on the scale of the reaction you want to do. The purity of the ligand will substantially affect the synthesis of NU-1000, so it is recommended to start with a 200-mg NU-1000 procedure (option A) to ensure the purity of H 4 TBAPy from each batch before scaling up to a 1-g or 2.5-g procedure (options B or C, respectively).
(a) preparation of nu-1000 (3) on a 200-mg scale • tIMInG ~90 h (i) Weigh out 388 mg of zirconyl chloride octahydrate and 10.8 g of benzoic acid in a 100-ml VWR medium bottle.
(ii) Add 32 ml of DMF (using a graduated cylinder) and sonicate the solution to fully dissolve the reagents.  crItIcal step Do not add more than the required amount of DMF. In our hands, samples with a smaller mesoporous step in the nitrogen isotherm were made when too much DMF was accidentally added. Preparation of MOF is a very delicate procedure and it is possible to get multiple topologies if the reaction conditions are altered. This perhaps is a function of 'trial and error' . (iii) Heat the reaction mixture in an 80 °C oven for 1 h (VWR Symphony oven).
 crItIcal step Do not leave it for more than 1 h. Another phase of MOF that cannot be removed may form. (iv) Cool down the solution containing zirconium precursor and benzoic acid (a water bath can be used), and add 160 mg of H 4 TBAPy (2).  crItIcal step The cooling down should not take more than half an hour. Proceed to the synthesis once the reaction flask is cooled. (v) Use sonication (20 min) to disperse the organic ligand to an even suspension, and then place the reaction bottle in a 100 °C oven for 15.5 h. The ligand will dissolve as the bottle is heated, and a light-yellow precipitate forms as the MOF forms. (vi) Cool down the reaction mixture, and then use a centrifuge (50-ml capped tube, at 7,750g for 5 min at room temperature) to separate the solid from the mother solution. (vii) Discard the supernatant and add fresh DMF (45 ml on the graduation on the centrifuge tube).
 crItIcal step When washing NU-1000 with DMF, never let the MOF powder dry out from DMF, as this process can collapse the MOF.  pause poInt The as-synthesized NU-1000 can be stored under ambient conditions in DMF without loss of purity for months. (viii) Soak the MOF in fresh DMF for 2 h and repeat Step 30A(vi,vii) two more times.
 crItIcal step In every step of washing, shake the tube to disperse the MOFs in solution.
(ix) After the last centrifugation step, transfer all of the light-yellow solid into a 100-ml VWR medium bottle with 52 ml of DMF (using a graduated cylinder). solution into the 500-ml bottle containing zirconium precursor. ! cautIon Wear gloves and do this in a vented hood, because boiling DMF is very hot and the vapor is toxic. (viii) Shake the bottle to mix the reagents, and then place the reaction bottle in a 120 °C oven for 16 h. The formation of the MOF can be seen as a yellow precipitate. (ix) Cool down the reaction mixture, and then use a centrifuge (50-ml capped tube ×3, at 7,750g for 5 min at room temperature) to separate the solid from the mother solution. (x) Discard the supernatant and add fresh DMF (45 ml on the graduation on the centrifuge tube).
 pause poInt The as-synthesized NU-1000 can be stored under ambient conditions in DMF without loss of purity for months. (xi) Soak the MOF in fresh DMF for 2 h, and repeat Step 30B(ix,x) two more times. (xii) After the last centrifugation step, transfer all of the light-yellow solid into a 500-ml VWR medium bottle with 260 ml of DMF (using a graduated cylinder).  pause poInt The acid-treated NU-1000 can be stored in DMF under ambient conditions for months. (xviii) After the last centrifugation step, discard the supernatant and add fresh acetone (45 ml on the graduation on the centrifuge tube).
(xix) Soak the MOF in fresh acetone for 12 h and exchange the solvent with fresh acetone two more times. (Use the centrifuge at 7,750g for 5 min at room temperature to separate the solid and the solution when exchanging the solvent.)  crItIcal step More iterations of solvent exchange can be added to shorten the time, and NMR can be used to examine the extent of solvent exchange (no DMF should appear in the NMR after full exchange).  pause poInt NU-1000 can be stored in acetone under ambient conditions for months. (xx) After the last centrifugation step, do not add any acetone into the tube, but place the centrifuge tube containing MOF into a vacuum oven set at 80 °C for 1 h. (xxi) Transfer the dried MOF sample into a sorption tube (Micromeritics) and activate the MOF at 120 °C for 12 h. (c) preparation of nu-1000 (3) on a 2.5-g scale • tIMInG ~90 h (i) Weigh out 4.85 g of zirconyl chloride octahydrate and 135 g of benzoic acid in a 1,000 ml VWR medium bottle. ! cautIon Use 1,000 ml or a larger medium bottle. Adequate head space is needed for the gas expansion; too little head space can lead to overpressure and can shatter the bottle in the oven. (ii) Add 300 ml of DMF (using a graduated cylinder) and sonicate the solution to fully dissolve the reagents.  pause poInt The acid-treated NU-1000 can be stored in DMF under ambient conditions for months. (xviii) After the last centrifugation step, discard the supernatant and add fresh acetone (45 ml on the graduation on the centrifuge tube). (xix) Soak the MOF in fresh acetone for 12 h and exchange the solvent with fresh acetone two more times. (Use a centrifuge at 7,750g for 5 min at room temperature to separate the solid and the solution when exchanging solvent.)  crItIcal step More iterations of solvent exchange can be added to shorten the time, and NMR can be used to examine the extent of solvent exchange (no DMF should appear in the NMR after full exchange).  pause poInt NU-1000 can be stored in acetone under ambient conditions for months. (xx) After the last centrifugation step, do not add any acetone into the tube, but place the centrifuge tube containing MOF into a vacuum oven set at 80 °C for 1 h. (xxi) Transfer the dried MOF sample into a sorption tube (Micromeritics) and activate the MOF at 120 °C for 12 h.
31|
Take a nitrogen isotherm of the activated MOF sample to evaluate the quality of the sample.  crItIcal step Characterization of MOFs is routinely done, and the details of these procedures can be found in Karagiaridi et al. 28 . See also Step 33B. Example isotherms can be seen in Figures 5 and 6. Figure 5 is what you are aiming for; if yours looks more like Figure 6 , then refer to the TROUBLESHOOTING section. ? trouBlesHootInG post-synthetic modification 32| We have included two options that can be used to modify the NU-1000 that you have prepared. Option A is an atomic layer deposition (ALD) process to deposit aluminum in NU-1000. The first part of this procedure is a vapor pressure test in order to estimate the stoichiometry of the reactants, and to make sure that the precursor holder is not empty. Post-synthesis modification of NU-1000 via SALI (option B) can be generalized to many ligands 17 . We decided to scale up the SALI procedure to incorporate Fmoc-Gly-Gly-Gly-OH into NU-1000 (F3G-SALI) as an example and to serve as an illustration of how a relatively complex biomolecule can be attached to NU-1000. NU-1000 and transfer it onto an 8-inch-diameter ALD sample holder (Fig. 7a) .  crItIcal step Evenly distribute NU-1000 across the sample holder, and crush large chunks of MOF into smaller pieces. A deep powder bed will inhibit uniform precursor diffusion to each grain and therefore require additional reaction time. (xii) Load the sample holder into the ALD system (Fig. 7b) .
! cautIon The sample chamber and lid of the ALD system are hot. (xiii) Evacuate the ALD sample chamber down to ~0.4 torr. (ix) After the last centrifugation step, do not add any acetone into the tube, but place the centrifuge tube containing MOF into a vacuum oven set at 80 °C for 1 h. (x) Transfer the dried MOF sample into a sorption tube (Micromeritics), and then activate the MOF at 120 °C for 12 h. (xi) Take a nitrogen isotherm of the activated MOF sample (Fig. 8) . Perform NMR of the dissolved sample to quantify the incorporation of the ligand (Fig. 9) .
General procedure for MoF characterization 33| We have included procedures for collecting PXRD (option A) and nitrogen isotherm (option B) data, as well as for preparing samples for analysis by NMR (option C) and ICP-OES (option D). (iii) Once Al-loaded NU-1000 has been fully dissolved, add 24 ml of RO water. The final solution will be colorless. (iv) Measure the sample on ICP-OES, and calculate the metal-to-node ratio.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG Steps 1-5: 2.5 h Step 30A(i-iv): 2 h
Step 30A(v-vii): 16 h
Step 30A(viii-xiv): 20 h
Step 30A(xv-xviii): 55 h
Step 30B(i-vii): 1.5 h
Step 30B(viii-x): 16 h
Step 30B(xi-xvii): 20 h
Step 30B(xviii-xxi): 55 h
Step 30C(i-vii): 1.5 h
Step 30C(viii-x): 16 h
Step 30C(xi-xvii): 20 h
Step 30C(xviii-xxi): 55 h
Step 31: variable (depends on the instrument used, data collection time, and data analysis; usually ~8 h in our hands)
Step 32A(i-xi): 5 min Step 32A(xii-xxxviii): 42 h (total hands-on operational time: 30 min)
Step 32B(i-vi): 40 h
Step 32B(vii-xi): 48 h
Step 33A: ~35 min per sample
Step 33B: ~24 h per sample
Step 33C: ~5 min per sample
Step NU-1000 is synthesized as a pale yellow solid (with color much lighter than H 4 TBAPy). Characteristic PXRD (Fig. 10) , nitrogen isotherms (Fig. 5) , 1 H NMR (Fig. 11) and scanning electron microscopy ( Fig. 12) results are shown. Figure 11 | 1 H NMR spectrum of dissolved NU-1000. Top, NMR spectrum of digested as-synthesized NU-1000 containing 2 and benzoic acid. Bottom, after activation of NU-1000 using HCl, only 2 can be seen by NMR after MOF digestion. As-synthesized NU-1000 has approximately four benzoic acid attached to every node, as quantified by the 1 H NMR spectrum. The acid-treated sample showed very little benzoic acid, which indicates that the benzoic acid is removed from the node, and the active -OH on the nodes are exposed for further functionalization. The 1 H NMR spectrum can also determine the extent of solvent exchange.
al-aIM (4)
ICP-OES of Al-AIM. The anticipated Al-to-Zr 6 ratio is ~6.2. Refer to Figures 13 and 14 for PXRD data and nitrogen isotherms.
F3G-salI (5)
F3G-SALI can be characterized by 1 H-NMR. The highlighted integral in the NMR spectrum (Fig. 9) corresponds to the proton on the fluorene. From these data, we can see that two Fmoc-Gly-Gly-Gly-OH molecules are incorporated at each node in this study. PXRD data and nitrogen isotherms for F3G-SALI are shown in Figures 8 and 15 . 
